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Abstract:  Two-dimensional  fused aromatic networks
(2D FANs) have emerged as a highly versatile alternative to
holey graphene. The synthesis of 2D FANs with increasingly
larger lattice dimensions will enable new application perspec-
tives. However, the synthesis of larger analogues is mostly
limited by lack of appropriate monomers and methods. Herein,
we describe the synthesis, characterisation and properties of an
expanded 2D FAN with 90-ring hexagons, which exceed the

largest 2D FAN lattices reported to date.
Introduction

Two-dimensional fused aromatic networks (2D FANs)!
are a class of conjugated 2D polymers that have emerged as
a highly versatile alternative to holey graphene. Similarly,
2D FANs combine an extended 2D m-system with permanent
nanometer-sized pores, and have shown charge carrier
mobility values reaching 1000 cm®>V~'s1.2l 2D FANs are
synthesised from organic monomers that act as nodes and
linkers and that can be designed at will. Hence by controlling
the monomer structure and geometry, 2D FANs with differ-
ent but predictable lattices and pore sizes can be obtained. In
addition, heteroatoms, and substituents can be incorporated
into the framework by modification of the monomers, which
provides an additional way to modulate their electronic
structure and their properties.

Among these, pyrazine-fused 2D FANs!'**! (Figure 1) are
receiving increasing attention as they can be obtained by
imine-type cyclocondensation reactions between monomers

equipped with sets of o-quinone and o-diamine groups.”! On
one hand this type of condensation fuses together the m-
systems of both monomers through the formation of a pyra-
zine ring. On the other hand, the pyrazine linkage introduces
simultaneously two electron-withdrawing nitrogen atoms in
the framework. This exchange of C atoms for N atoms in
specific sites has given rise to materials with a lot of potential
in electronics,>* photovoltaics,®! gas separation and stor-
age.,® membranes for proton conduction” and water purifi-
cation,® organic catalysts,”) and metal-free electrodes for the
oxygen reduction reaction,"”! oxygen evolution reaction,"
supercapacitors,'? and batteries.

Increasing the pore size of 2D FANs would allow the
diffusion and encapsulation of organic, inorganic and biolog-
ical macromolecules and would make available materials that
combine both larger band gaps!'¥l and porosities, broadening
the application scope of 2D FANs into other fields, such as
sensing and heterogeneous catalysis. However, synthesising
2D FANs with larger dimensions is a difficult task. Firstly,
because of the limited number of monomers, the poor
solubility of increasingly large monomers, and the harsh
polymerisation conditions that are not always compatible
with the functional groups of increasingly complex mono-
mers. And secondly, in analogy to other framework materials,
large pore 2D FANs are more prone to collapse upon
activation. Nevertheless, an impressive wealth of honeycomb
2D FANs with hexagons constituted of 12-,1 18- 11134 24.
’[4b,7‘10,12,13b7d,15] 30_7[2] 36-,[9’12}3] 42_’[5] and 54_fused[8] rings
(highlighted in yellow in Figure 1) have been reported to date.
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Figure 1. Representative examples of 2D FANs with hexagons constituted of a) 12-* b) 24-,%721 ¢) 30. 2 d) 42-F and e) 54-fused® rings and
the structures of c) [30]KL-FAN and f) [90]KL-FAN described in this work. The coloured dots in (c) and (f) indicate the assignments of the signals

on Figures 2c and 3c.

Herein we report the synthesis of a 2D FAN with 90-ring
hexagons (Figure 1 f, [90]KL-FAN, where KL stands for Koke
Lab), the largest yet reported. [90]JKL-FAN has been
obtained by solvothermal cyclocondensation of a new set of
large synthetic monomers that show an optimal solubility in
the reaction media. The structural, optoelectronic and redox
features of [90]KL-FAN have been compared with those of
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a reference 2D FAN with 30-ring sides (Figure 1, [30]KL-
FAN). The comparison reveals a lower band gap, a higher
nitrogen uptake, and improved electrochemical properties for
[90]KL-FAN, while maintaining a similar degree of crystal-
linity and similar charge transporting properties, despite the
larger dimensions.

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Results and Discussion

[30]JKL-FAN was obtained by solvothermal condensation
of hexaaminobenzene 1" and pyrene tetraone 2" (Fig-
ure 1¢) in N-methyl-2-pyrrolidone (NMP) with a catalytic
amount of H,SO, at 250°C. In this particular case, the
reaction mixture must be kept at 0°C before heating in order
to ensure the reproducibility of the reaction. We attributed
this behaviour to the high reactivity of hexaaminobenzene 1.
[90]KL-FAN was synthesised by condensation between
dibenzotetraazahexacene tetraamine 31" and hexabenzohex-
aazatetracenylene hexaone 4! (Figure 1f) in N-methyl-2-
pyrrolidone (NMP) with a catalytic amount of H,SO, at
170°C. In this case, the reaction proceeded without the need
of precooling the mixture, which is consistent with the lower
reactivity of tetraamine 3 in comparison to hexaamine 1.
[30]JKL-FAN and [90]KL-FAN were obtained as black
powders after Soxhlet extraction. The structures of [30]KL-
FAN and [90]KL-FAN were confirmed by a combination of
different characterisation techniques.

The FT-IR spectra of [30]KL-FAN and [90]KL-FAN
(Figure 2a and Figure 3a) show the attenuation of the N—H
(around 3100 cm™") and C=O (around 1700 cm™") bands of
the corresponding monomers, which indicate that an efficient
polymerisation has taken place.

Solid-state  cross-polarisation/magic-angle  spinning
(SS CP/MAS) NMR spectroscopy of [30]KL-FAN and
[90]KL-FAN is consistent with the proposed structure. The
SS CP/MAS 'H NMR spectra show two signals that corre-
spond to the aromatic and fert-butyl protons of the FANs in
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both cases because of the structural similarities (Figures2b
and 3b). The SSCP/MAS “CNMR spectra also show
a similar set of signals for both 2D FANSs in agreement with
their structural similarities, namely three signals in the 150-
120 ppm region that correspond to the aromatic carbons and
two signals around 30 ppm that correspond to the tert-butyl
carbons (Figures 2¢ and 3c¢). The absence of a sharp signal
around 190 ppm indicates a low number of carbonyl groups in
both FANs, which also indicates a good conversion.

X-ray photoelectron spectroscopy (XPS; Figures S1 and
S2) and energy-dispersive X-ray spectroscopy (EDX; Fig-
ure S3) confirm the presence of carbon, nitrogen and oxygen.
The occurrence of carbon and nitrogen is consistent with the
chemical composition of [30]KL-FAN and [90]KL-FAN. The
presence of oxygen has been attributed to existence of
unreacted ketone and amino groups and to the entrapment of
water molecules, as illustrated by the deconvolution of the
nitrogen and oxygen peaks (Figures S1 and S2). Elemental
analysis showed that the carbon and nitrogen ratios were
consistent with theoretical values, although the absolute
percentages of carbon were lower than theoretical values
(Tables S1 and S2). This discrepancy between the theoretical
and observed values is also consistent with the presence of
unreacted ketone and amino groups and of water, as indicated
by XPS (Figures S1 and S2), thermal gravimetric analysis
(Figure S4) and previous observations.[**

In order to assess the porosity of [30]KL-FAN and
[90]KL-FAN, N, gas adsorption measurements at 77 K were
performed. The isotherms confirm that [30]KL-FAN and
[90]KL-FAN are porous materials (Figures 2d and 3d) that
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Figure 2. Experimental and simulated structural characterisation of [30]KL-FAN. a) FTIR; b) SS CP/MAS '"H NMR (* denotes side peaks);
) SS CP/MAS ">C NMR (the coloured dots on each signal correspond to the carbons marked in Figure 1c¢); d) nitrogen adsorption and
desorption isotherm profiles at 77 K; e) pore size distribution; f) experimental and simulated PXRD patterns; theoretical models showing the

g) face-on and h) side-on projections; i) HRTEM images.
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Figure 3. Experimental and simulated structural characterisation of [90]KL-FAN. a) FTIR; b) SS CP/MAS 'H NMR (* denotes side peaks);
) SS CP/MAS ">C NMR (the coloured dots on each signal correspond to the carbons marked in Figure 1f); d) nitrogen adsorption and
desorption isotherm profiles at 77 K; e) pore size distribution; f) experimental and simulated PXRD patterns; theoretical models showing the

g) face-on and h) side-on projections; i) HRTEM image.

show, respectively, Brunauer—-Emmet-Teller (BET) surface
areas of 449 and 567 m*g "' and NLDFT pore sizes centred at
6 and 18 A (Figures 2e and 3e).

The powder X-ray diffraction (PXRD) of [30]KL-FAN
and [90]KL-FAN reveals patterns of broad peaks that are
similar to those observed in other 2D FANs[>*-
de57.8120.134.15] The XRD peaks of 2D FANs are usually
broad as the result of the limited reversibility of the pyrazine
linkers and turbostratic disorder. In both cases, the diffracto-
grams show two main diagnostic peaks that support the
formation of the microporous honeycomb network. The first
one, the low-angle peak at 6.08° in the case of [30]KL-FAN
and at 1.77° in the case of [90]KL-FAN, corresponds in both
cases to the (100) reflection (Figures 2 f and 3 f). The second
one, the peak around 25°, corresponds to the (001) reflection
and to the d-spacing of m-stacked aromatic systems ( ~3.4 A).

To shine additional light on the structure of [30]KL-FAN
and [90]KL-FAN, three general packing configurations (AA,
AB and ABC) were computationally explored and their
simulated PXRD patterns were compared with the exper-
imental ones. In the case of [30]KL-FAN, the simulated
diffractogram for the slipped AA packing mode shows
a better fit with the experimental one. Meanwhile, in the
case of [90]KL-FAN, the experimental diffractogram shows
a better fit with the simulated diffractogram for the AB
packing mode. This assignment is consistent with the NLDFT
pore size distributions estimated from nitrogen adsorption
measurements. In fact, the pore size of the [30]KL-FAN
model in an AA configuration (4 A) is in excellent agreement
with the experimental pore size (6 A; Figure 2e.g). Also, the
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pore size of the [90]KL-FAN model in an AB configuration
(17 A) is in excellent agreement with the experimental pore
size (18 A; Figure 3e,g).

High-resolution transmission electron microscopy
(HRTEM) images of [30]KL-FAN and [90]KL-FAN evidence
their 2D layered structure by the presence of terraces and
step-edges of overlapping sheets (Figures 2i and 3i). In both
cases, the micrographs show the projections of irregular pores,
which were turbostratically disordered. In some particular
areas of [30]KL-FAN, seemingly crystalline regions can be
observed (Figure 2i) with some periodic features being
attributed to the stacking arrangements of the individual
layers. The unexpected mesopores within the structure (Fig-
ure 2i) are likely to be caused by the presence of solvent
molecules during the formation of the FAN lattice and
terminated by unreacted carbonyl groups due to incomplete
condensation, as we previously demonstrated for a conjugated
microporous polymer.”"!

The optical properties of [30]KL-FAN and [90]KL-FAN
were studied by UV/Vis-NIR spectroscopy (Figure 4a,b).
Thin films were obtained by drop-casting dispersions of
[30]KL-FAN and [90]KL-FAN in trifluoroacetic acid (TFA)
directly onto a glass slide, which allowed estimating the
optical band gap using Tauc’s method (inset Figure 4a,b).
Band gaps of 2.05 and 1.95 eV were estimated, respectively,
for [30]KL-FAN and [90]KL-FAN that illustrate their semi-
conducting nature.

The electrochemical properties of [30]KL-FAN and
[90]KL-FAN were investigated by cyclic voltammetry in
a rotating ring—disk electrode (RRDE; Figure 4c and Ta-

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 4. UV/Vis-NIR electronic absorption spectra of a) [30]KL-FAN and b) [90]KL-FAN. Inset corresponds to Tauc's plot. c) RRDE voltammo-
grams (disk currents) recorded in O,-saturated 0.1 M KOH at 1600 rpm. The disk potential was scanned at 10 mVs™' and the ring potential was
constant at 1.4 V versus RHE. Band structures of d) [30]KL-FAN and e) [90]KL-FAN. f) TMRC measurements (1 =355 nm,
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ble S3). For this purpose, freshly prepared dispersions of
[30]JKL-FAN and [90]KL-FAN in TFA were directly drop-
casted on a glassy carbon (GC) RRDE. The voltametric
curves in an argon-saturated aqueous 0.1 M KOH solution
show no redox processes. However, in an oxygen-saturated
solution, the voltammograms reveal a reduction wave char-
acteristic of the oxygen reduction reaction (ORR),**!I which
is a key reaction in fuel cells. The voltammograms illustrate
that the electrodes containing the 2D FANs show higher
potentials at same current densities than the pristine GC
electrode. This is consistent with a more efficient ORR as
expected for the presence of catalytically active N atoms.””!
When it comes to the 2D FANSs, the electrodes containing
[90]KL-FAN show a significantly higher current density at
same potential than [30]KL-FAN, for example, at a potential
of 0.1 V vs. RHE, their current densities are 2.02 mA cm ™2 and
1.35 mA cm 2, respectively. The RRDE allows to monitor the
formation of H,0O,, and hence, to determine the average
number of electrons (n) transferred per oxygen molecule with
great accuracy. In the case of [90]KL-FAN, n=3.00 (Fig-
ure S5). Meanwhile in the case of [30]KL-FAN and GC, n=
2.75 and 2.50, respectively. An electron number n larger
than 2 indicates that in all cases the ORR may proceed
simultaneously through the 2-electron (from O, to H,0,) and
the 4-electron mechanisms (from O, to H,0) and, the higher
the value of 7 is, the deeper oxygen gets reduced. This means
[90]KL-FAN is more efficient than [30]KL-FAN for the
ORR. The ORR performance of [90]KL-FAN and [30]KL-
FAN is in line with that observed in current state-of-the-art
2D FANs!"" and other metal-free state-of-the-art 2D materi-
als™ with the present additional advantage that no additive
or carbonisation treatment was needed. Given the structural
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similarities and the similar nitrogen content, the higher
electrocatalytic performance of [90]KL-FAN over [30]KL-
FAN can be attributed to the larger pore size and surface area
that facilitate in the case of [90]KL-FAN the diffusion of
oxygen within the framework.

The electronic band structures and the projected density
of states of [30]KL-FAN and [90]KL-FAN were calculated by
DFT to get an insight into their electronic structure and their
charge transporting properties (Figures4d,e and S6). The
calculations illustrate that both [30]KL-FAN and [90]KL-
FAN are direct gap semiconductors and show the same trend
as the optical band gaps. [30]KL-FAN computed band gap is
1.82 eV at the I'-point (Figure 4d). The frontier bands show
weak dispersions of 37 meV and 15 meV for the highest
occupied crystalline orbital (HOCO) and lowest unoccupied
crystalline orbital (LUCO) respectively. In contrast, [90]KL-
FAN has a lower gap 1.51 eV, also at the I'-point, and shows
degenerate HOCO and LUCO bands (Figure 4¢). For the
larger FAN, the HOCO band shows further reduced dis-
persion, 15 meV, while the LUCO band is virtually flat with
negligible energy dispersion (<1 meV).

The charge transport properties [30]KL-FAN and [90]KL-
FAN were probed by flash-photolysis time-resolved micro-
wave conductivity (FP-TRMC).*"l FP-TRMC allows estimat-
ing the pseudo-photoconductivity or intrinsic mobility (¢pZu,
where ¢: the charge carrier generation yield, Zu: the sum of
charge carrier mobilities). The samples of [30]KL-FAN and
[90]KL-FAN showed similar ¢=u maximum values (¢Zi,.,)
of 0.6x10™* and 0.4x10*cm?V~'s™", respectively (Fig-
ure 4 f). These ¢@3u,,, values are of the same order of
magnitude as those observed in molecular nanoribbons and
nanographenes with the same fused-ring structure!'”*! and in

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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imine 2D covalent organic frameworks.?! The similar @3,
values of [30]KL-FAN and [90]KL-FAN are consistent with
their structural similarities in terms of fused-ring structure
and interlayer distance.

Conclusion

We have described the successful solvothermal synthesis
of a 2D FAN with a honeycomb lattice constituted of 90-ring
hexagons, which exceed the largest 2D FAN lattices reported
to date. The synthesis of [90]KL-FAN has been achieved by
introducing a new set of monomers, which despite their large
dimensions are sufficiently soluble in the reaction media. The
structure of [90]KL-FAN has been confirmed by a combina-
tion of FT-IR, solid-state NMR, porosimetry, PXRD,
HRTEM and theoretical studies. [90]KL-FAN-containing
electrodes showed enhanced electrocatalytic activity that
was attributed to the larger pore size. UV/Vis-NIR electronic
absorption, theoretical studies and FP-TRMC show that
[90]KL-FAN is a direct band gap semiconductor with an
intrinsic charge carrier mobility comparable to those ob-
served in state-of-the-art nanographenes and imine 2D cova-
lent organic frameworks. Overall, this work paves the way for
the synthesis of 2D and 3D FANs with increasingly larger
lattices. Such large-pore semiconducting FANs may find
applications in sensing, electrocatalysis, and energy conver-
sion and storage.
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